[1] Seismic reflection data are analyzed to verify radar identification of a subglaical lake near the geographic South Pole. The seismic amplitude variation with offset (AVO) technique is applied to confirm the presence of extensive free water, and seismic imaging of the subsurface constrains lake depth and deeper subglacial structure in the region. This lake is at least 4.2 km wide (and likely as much as 10 km in diameter), is up to 32 ± 10 m deep, and occupies a basin of thick sedimentary strata. These results imply that extensive water storage is occurring in the South Pole region. The proximity of this lake to the AmundsenScott South Pole Station makes research drilling to sample the lake and underlying sediments feasible and supportable.
Introduction
[2] It is increasingly evident that subglacial hydrology is important in ice dynamics, with subglacial lakes serving as a major source for both considerable water storage and rapid drainage beneath the Antarctic Ice Sheet [Gray et al., 2005; Wingham et al., 2006; Fricker et al., 2007; Peters et al., 2007; Bingham et al., 2007] . More than 150 possible Antarctic subglacial lakes have been identified, primarily through radio echo sounding [Robin et al., 1970; Oswald and Robin, 1973; Siegert et al., 2005; Carter et al., 2007] and satellite data [Ridley et al., 1993; Gray et al., 2005; Wingham et al., 2006; Fricker et al., 2007] , but independent evidence of extensive and deep free water has only been made once previously, when seismic techniques were applied to Subglacial Lake Vostok to confirm the existence of this lake and measure its depth [Kapitsa et al., 1996; Popov et al., 2006; Filina et al., 2007] . While both radar and satellite approaches are useful in locating large subglacial water bodies (10+ km in diameter), difficulties arise when such features are small [Siegert et al., 2005; Peters et al., 2007; Carter et al., 2007] , and neither method is capable of measuring lake depth and thus volume. These techniques are sensitive to lake extent (with considerable error) and lake volume changes as well. Seismic observations provide the best means for definitively identifying subglacial water and measuring lake depth, as well as imaging deeper structure to provide insight on why a subglacial lake would form there in the first place.
[3] Lakes are identified on radar reflections that are ''strong. . . constant strength. . . and flat'' [Dowdeswell and Siegert, 1999] . The current catalog of Antarctic subglacial lakes contains numerous possible water bodies that are small in size (<10 km in diameter) and exhibit only some of these characteristics [Siegert et al., 2005; Carter et al., 2007] . One such body near the geographic South Pole is typical in size and characteristics of the majority of possible Antarctic subglacial lakes, and highlights the difficulties in lake identification. This possible lake (Lake 63 [Siegert et al., 2005] ) is the subject of contradictory conclusions, with the radar either suggesting that it is a lake [Siegert et al., 2005; Carter et al., 2007] or that the radar reflection is too weak to indicate free water [Lindzey et al., 2003] . Further complicating the interpretation, extrapolation to the bed of nearby englacial borehole temperature measurements suggested subfreezing conditions (À9°C at the bed) [Price et al., 2002] .
[4] To resolve these uncertainties and test the radar identification of subglacial lakes, we performed a seismic reflection experiment along a previously flown radar line [Carter et al., 2007] over Lake 63 (Figure 1 (left) ), 15 km from the Amundsen -Scott South Pole Station. Our seismic experiment consisted of a static array of 48 4.5-Hz verticalcomponent geophones at a 30 m spacing. The sources were 3.9 kg explosives detonated between 10 and 30 m depth. Source spacing was 240 m, with a maximum source-toreceiver offset of 8400 m (Figure 1 (right) ). We observe the ice bottom reflection along the entirety of our seismic profile, as well as several sub-ice reflectors (Figure 3 ).
Amplitude Variation With Offset (AVO)
[5] We apply the seismic amplitude variation with offset (AVO) technique to the ice bottom reflection to obtain basal conditions along our seismic profile. AVO analysis relates the observed reflectivities of a layer at various incidence angles to the material properties on either side of that interface [Aki and Richards, 1980] . Our forward modeling of reflectivity curves for a number of probable subglacial environments (bedrock, lithified sediments, dilatant sediments, and water, with their respective seismic properties listed in Table 1 ) illustrates the ability of AVO to clearly distinguish between subglacial lithologies (Figure 2a) .
[6] We calculate the absolute reflectivities R(q) of the base of the ice from our data by two different approaches: 1) by extending the normal incidence method of Röthlisberger [1972] over a range of incidence angles q, and 2) by determining the source amplitude of our explosive charges (A 0 ) and taking the general reflectivity equation, adjusted to account for defocusing of seismic energy in the firn [Medwin and Clay, 1998 ]. The method of Röthlisberger [1972] depends on the ratio of the primary ice bottom reflection amplitude (A 1R ) to the amplitude of the first multiple (A 2R : the multiple is that energy which has reflected off the base of the ice twice and off the surface of the ice once in between before being recorded). For zero-offset (normal incidence) data, A 1R and A 2R reflect off the same point along the subglacial bed, and Röthlisberger [1972] exploits this geometry to calculate R(q = 0).
[7] Here we make two assumptions to extend the approach of Röthlisberger [1972] to non-normal incidence geometries. Our first assumption is that we are sampling a subglacial bed that is homogeneous over the range of reflection points both A 1R and A 2R encounter. We justify this assumption a posteriori by noting that both the seismic and radar data image a flat region along the base of the ice sheet with little change in reflection amplitude (A 1R ) along the profile. We also assume that all raypaths approach the receiver array nearly normal to the surface due to the steep seismic velocity gradient in the firn. Thus we calculate the subglacial reflectivity R(q) by measuring A 1R and A 2R from the same incidence angle q:
where r 1R is the raypath distance of the primary ice bottom reflection, and a is the absorption factor for ice. Both A 1R and A 2R are observed over the range of incidence angles from q = 0 to q = 31°, giving the R(q) values shown as gray circles in Figure 2b . For all the reflectivity values calculated, each A 1R (q) and A 2R (q) pair is taken from the same incidence angle, and not necessarily the same geophone.
[8] Furthermore, when A 1R and A 2R have sufficiently high signal-to-noise ratios, we can estimate the source amplitude A 0 from normal incidence data (q = 0):
We normalize each shot based on the amplitude levels of the direct arrival (where the seismic energy travels approximately horizontally through the firn from source to receiver), thereby producing a continuous amplitude curve of the observed direct arrival that decays with increasing offset. This surface wave energy does not vary significantly from shot to shot, thus this is a small adjustment. [Carter et al., 2007] and reflection seismic line, as well as the Amundsen -Scott South Pole Station and SPA seismic station. The seismic experiment reported here (solid black line) was conducted along one of the flight lines (thin gray lines) across the subglacial lake and is shown in the A -A 0 cross section in Figure 1b . The thick gray line shows the portion of the subglacial bed imaged by the seismic experiment. The dashed line gives the approximate extent of the subglacial lake as determined by the airborne radar data [Carter et al., 2007] . (right) The A -A 0 cross section gives the surface elevation (from kinematic Global Positioning System (GPS) data), with elevation axis to the left, and bed elevation from the airborne radar data [Carter et al., 2007] , with elevation axis to the right (note the different scales). The stars indicate the every third shot location (to show the effect of shot depth on data quality for Figure 3) , and the triangles outline the extent of the static geophone array. The gray arrows highlight the portion of the subglacial bed imaged during the seismic experiment. These seismic properties were used to produce the modeled reflectivity curves in Figure 2a . Average seismic properties were applied to produce a single curve for the case of each subglacial bed.
b The seismic velocities used here are for the ice column near the South Pole, as determined from a shallow refraction experiment and velocity analysis of the ice bottom reflection. The density applied here is taken from Christensen [1989] . [9] By determining A 0 , we can then determine bed reflectivity:
where g(q) is the spreading loss parameter. The g term is a path amplitude factor, which accounts for energy loss along the raypaths as they pass through the firn [Medwin and Clay, 1998] . With this approach, we are able to determine R(q) out to 54°incidence angle, indicated with black diamonds in Figure 2b . For absorption in ice, we use a = 0.20 ± 0.05 km À1 [Bentley and Kohnen, 1976] (reported values range from 0.15 -0.25 km À1 for West Antarctica; any value within this range produces essentially the same result shown in Figure 2b , all falling within the presented errorbars). We enhance our signal-to-noise ratio by averaging bed reflectivity measurements into 1°incidence angle bins.
[10] It should be noted that the values commonly used for absorption in polar ice are derived from seismic measurements taken from West Antarctica [Bentley and Kohnen, 1976] . While these may not be fully applicable to the South Pole region, given differences in surface temperature, accumulation, and firn thickness between our field site and West Antarctica, Bentley and Kohnen [1976] provide the most reliable and comprehensive range of absorption values for polar ice. A larger a value is unlikely, because the ice is colder at the South Pole region than in West Antarctica. A lower a value is possible, which would lead to lower reflectivity values. We note that the phase of our observed ice bottom reflection is negative across our entire range of incident angles (0 -54°), suggesting a bed with considerably lower acoustic impedance than ice (i.e., water or high porosity sediments with interstitial water).
[11] In Figure 2a , we compare our results for R(q) with theoretical models for subglacial bed reflectivity. Our determination of a negative reflection polarity for the ice bottom reflector is based on the observation that the phase of this reflector is of opposite polarity to that of the seismic source. Many possibilities can be rejected with high confidence, especially hard bed cases. Water fits the data accurately, explaining 61% of the variance in the data (Figure 2b) , with much of the unexplained variance spatially uncorrelated.
[12] Our findings of abundant liquid water at the base of the ice sheet near the South Pole seem to conflict with previously published results that suggest a frozen bed at the South Pole [Price et al., 2002] , approximately 15 km from our field site. However, the thicker ice at our site will cause a warmer bed. To test this, we fit the South Pole temperature data [Price et al., 2002] with the Robin [1983] one-dimensional temperature model, using our observed ice thickness (see following section). With a best-fit accumulation rate of b = 0.067 m a À1 and geothermal flux of q = 0.066 W m À1 , both of which were iteratively determined in the data inversion, we obtain a basal temperature of À2.1°C (the pressure melting point at the bed is À2.2°C for our site), so we argue that the temperature data are consistent with our seismic demonstration of a thawed bed.
Seismic Imaging
[13] In addition to the AVO analysis, we processed the data to image the subglacial structure of the region (Figure 3 ). Standard seismic processing was applied to the dataset to produce the final image, including bandpass and FK filtering, automatic gain control, normal moveout corrections, and brute stacking to enhance the signal-to-noise ratio of the observed subglacial reflectors. We observed three distinct horizons in the data, along with their respective ghost reflections (recorded energy that first travels upward and reflects off the surface before following the initially downward traveling energy; our shot depths produce ghost reflections 30 -50 msec after the true reflectors.): 1) the ice bottom (at 1500 msec), with an interval velocity of V P = 3810 ± 10 m sec
À1
; 2) the lake bottom (at 1530 -1540 msec), with an interval velocity of V P = 1550 ± Figure 2 . Modeled and measured reflectivity curves for the ice bottom reflection. (a) Modeled reflectivity of the ice -bed seismic horizon, as a function of angle of incidence, for four potential subglacial bed scenarios: 1) basement, 2) lithified sediments, 3) dilatant sediments, and 4) water (see Table 1 for the seismic properties used for each of these materials and ice), calculated from Aki and Richards [1980] . The diamonds and circles mark the calculated bed reflectivity values from the seismic experiment and how they compare to these four scenarios, with the inset box outlining Figure 2b . (b) Calculated subglacial bed reflectivity from the seismic experiment. The circles are determined by comparing the amplitude of the primary ice bottom reflection, A 1R , and its first multiple, A 2R . The diamonds are determined by comparing A 1R to the source amplitude, A 0 . See the text for more details.
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, consistent with water, and giving an observed lake depth of 32 ± 10 m (We take this to be the lake depth, as it is the first discernible seismic reflector beneath the ice bottom.); and 3) a sub-lake reflector (at 1640 -1690 msec), with an interval velocity of V P = 3300 ± 1000 m sec À1 , consistent with a lithified sedimentary package that is 150 ± 60 m thick. The higher uncertainties in the seismic velocities of the water and sedimentary package are due to the absence of their corresponding reflectors at near source-receiver offsets (Figure 3 ). These layer thickness and seismic velocity calculations were made by assuming a horizontal reflector for both the lake bottom and sediment bottom, and producing a best-fit curve for each reflector. From these data, we find that 1) the ice is 2857 ± 15 m thick (in accord with the radar findings), 2) the lake is up to 32 m thick, with some variability along the 4.2 km cross section of the lake we imaged, and 3) there is a thick package of lithified sediments beneath the lake. In conjunction with the radar findings, which suggest that this lake may be up to 10 km in diameter (lake extent outlined in Figure 1 (left) ), Lake 63 is a significant water and sediment store for the region.
[14] These observations of a thick subglacial sedimentary package are consistent with previous seismic observations of thick sediments near the South Pole [Anandakrishnan and Winberry, 2004] (made at the SPA seismic station, shown in Figure 1 (left) ). Despite the difference in size and water depth, this lake has some similarities to Subglacial Lake Vostok, where a thick sedimentary package has also been seismically imaged beneath the lake [Filina et al., 2007] . The presence of thick sedimentary assemblages beneath these lakes suggests that they are tectonically controlled with significant accommodation space for sediment deposition. Bed relief observations from the radar data (Figure 1 (right) ) show a steep increase in bed topography of 100+ m just a few kilometers from our seismic site, which may suggest that these sediments lie within a faultbounded basin, raising the possibility of at least some deposition occurring before glaciation became permanent in the region. It is also likely that some of the sediments have been deposited since the subglacial lake formed, potentially providing age constraints on how long this lake, as well as the overlying ice sheet, has persisted in the region.
[15] We have now confirmed that one of the smaller features in the subglacial lake catalog is indeed a lake. Both this lake and Subglacial Lake Vostok contain large volumes of stored water and a deeper sedimentary structure. The 32 m thick water column and 150 m thick sedimentary package are excellent candidates for drilling into and sampling to determine the geological and glaciological history of the region, as well as to explore for the presence of unique biota. Figure 3 . Processed seismic section, corrected for reflection geometry. The base of the ice is at 1500 msec, the base of the lake is at 1530 -1540 msec, and the base of the sedimentary package is at 1640 -1690 msec. The prominent arrivals marked 'ghost' are from energy that initially travels upward from the source, reflects off the surface, and then follows the initially downward traveling energy.
